INTRODUCTION
A total of more than 4500 genes exist in the Escherichia coli K-12 genome, while the intracellular level of RNA polymerase (RNAP) is about 2000 molecules (Ishihama 2012; Ishihama, Shimada and Yamazaki 2016) . The pattern of genome transcription is, however, modulated through controlling the promoter selectivity of RNAP. For this modulation, two steps of the protein-protein interaction are involved: in the first step, the binding of one of seven species of the sigma factor leading to form the holoenzyme with transcription initiation activity (Ishihama 2000 (Ishihama , 2010 (Ishihama , 2012 Gruber and Gross 2003; Gourse, Ross and Rutherford 2006) ; and in the second step, the interaction with approximately 300 species of transcription factors (TFs) with the activation or repression activity of individual promoters (Babu and Teichmann 2003; Ishihama 2012; Ishihama, Shimada and Yamazaki 2016; Perez-Rueda and Collado-Vides 2000) . We have long been involved in the systematic search of regulatory target promoters of each sigma and each TF. The whole set of constitutive promoters that are recognized by each RNAP holoenzyme alone in the absence of additional regulatory proteins have already been determined for all seven sigma factors (Shimada et al. 2014; 2017) . On the other hand, the regulatory targets have been identified for more than half from a total of approximately 300 TFs in E. coli K-12 W3310 (Ishihama 2010; 2012; Ishihama, Shimada and Yamazaki 2016) , but the regulatory targets still remain unidentified for about one-fourth, including about 50 uncharacterized Y-gene TFs.
The set of uncharacterized Y-gene TFs includes a number of putative TFs encoded by the cryptic prophages. A total of more than 10 cryptic phages have been identified in E. coli K-12 (Casjens 2003) , altogether comprising about 3.6% of its genome sequence (Lawlence and Ochman 1998; Wang et al. 2010) . The cryptic phages contribute to cell physiology such as cell growth, resistance to antibiotics, stress responses and biofilm formation (Wang et al. 2010) . Up to the present time, a total of 14 putative TFs have been identified, which are encoded by cryptic prophages in E. coli K-12 W3110. The regulatory functions, however, remain unsolved for these predicted TFs except for prophage DLP12-encoded AllR, the allantoin/glyoxylate-sensing regulator of the genes for degradation and reutilization of purines (Hasegawa et al. 2008) . One short-cut search for the regulatory targets under the control of TFs is to determine their binding sites within the genome, because bacterial TFs generally recognize and bind to the sequences located near their target promoters (Shimada et al. 2005; Ishihama, Shimada and Yamazaki 2016) . We then developed the Genomic SELEX screening system for genome DNA sequences that specifically associate with test TFs (Shimada et al. 2005) . The Genomic SELEX system is useful, in particular, for identification of the regulatory targets of Y-gene TFs, and the regulatory functions have been identified for more than 10 Y-gene TFs (Ishihama, Shimada and Yamazaki 2016) . The gene encoding uncharacterized YagI is located within the cryptic prophage CP4-6 of 34,308 bp in length (Wang et al. 2010) , which includes a total of 33 putative genes, including four putative TF genes (ykfK, perR, yagA and yagI) . These CP4-6-encoded TFs might regulate the genes organized in the same CP4-6 prophage, but after prolonged maintenance inside the genome of host E. coli K-12, the regulatory function might have expanded to regulate some K-12 genes, establishing the cross-talk between CP4-6 cryptic prophage and host K-12. In this report, we describe the SELEX-screening for regulatory targets of YagI, a hitherto uncharacterized TF encoded by CP4-6. After SELEX screening, YagI was found to bind mainly at a single site within the spacer of bidirectional transcription units, yagA (encoding another uncharacterized TF) and yagEF (encoding 2-keto-3-deoxy gluconate aldolase, and dehydratase, respectively). YagEF enzymes are involved in the catabolism of xylose downstream from xylonate. We then designated YagI as XynR (regulator of xylonate catabolism). Thus, XynR (YagI) is a rare single-target TF, and its regulation network is still fixed within the CR4-6 prophage without significant cross-talk with the host E. coli K-12.
MATERIALS AND METHODS

Bacterial strains and plasmids
Escherichia coli K-12 W3110 type-A (Jishage and Ishihama 1997) was used for the preparation of XynR and DNA source of SELEX screening. Escherichia coli DH5α was used for plasmid amplification. Escherichia coli BL21 was used for XynR expression. Escherichia coli (BW25113) (Datsenko and Wanner 2000) and its xynR (yagI) knock-out mutant JW0265 (Baba et al. 2006) were used for functional analysis of XynR. These strains were obtained from the E. coli Stock Center (National BioResource Center, Japan). Cells were grown in LB or M9-glucose medium.
Plasmid pXynR for expression and purification of XynR was constructed according to the standard procedure (Yamamoto et al. 2005) . The xynR coding sequence was PCR-purified using the E. coli K-12 W3110 genome DNA as a template, and inserted into pET21 vector. IPTG-inducible YagI expression plasmid pASKAyagI and its vector plasmid pCA24 were obtained from the NBRP E. coli stock center (NIG, Mishima).
Genomic SELEX screening of XynR-binding sequences
The Genomic SELEX was performed according to the standard procedure (Shimada et al. 2005) . The His-tagged XynR was over-expressed in E. coli BL21, and affinity-purified according to the standard procedure (Yamamoto et al. 2005) . The purity of XynR was more than 98% as detected by the staining of its PAGE pattern. The mixture of genomic DNA of E. coli K-12 W3110 was generated by PCR using the genome DNA library as template. For SELEX screening, the DNA mixture (5 pmol) and XynR (10 pmol) were mixed in the binding buffer. XynR-bound DNA segments were affinity-purified using Ni-NTA, and subjected to SELEX-chip or SELEX-clos analyses for mapping.
SELEX-clos analysis
DNA samples were isolated from the DNA-XynR complexes, cloned into pT7 Blue-T vector (Novagen, Darmstadt, Germany), and then used to transform to E. coli DH5α for amplification. The DNA fragments were regenerated by PCR using amplified plasmids as template and T7-primer (5 -TAATACGACTCACTATAGGG-3 ), and subjected for sequencing with ABI DNA sequencer 3130.
SELEX-chip analysis
DNA samples isolated from the DNA-XynR complexes were PCRamplified and labeled with Cy5, while the original DNA library was labeled with Cy3. The fluorescent labeled DNA mixtures were hybridized to a DNA microarray that consist of 43 450 species of 60 bp-long DNA probe so as to cover the entire E. coli genome at 105 bp interval (Oxford Gene Technology, Oxford, UK) (Shimada et al. 2005; . Cy5 fluorescent intensity of XynRassociated DNA at each probe was normalized with Cy3 intensity of DNA of the original library. The Cy5/Cy3 ratio was plotted for all the probes along the E. coli genome.
Gel shift assay
The gel shift assay was performed according to the standard procedure (Ogasawara et al. 2007) . Probes of the XynR-binding target sequences were generated by PCR amplification using a pair of primers, one labeled with FITC and another unlabeled, and Ex Taq DNA polymerase (Takara, Kusatsu, Japan). For gel shift assays, a mixture of each FITC-labeled probe and XynR was incubated at 37
• C for 30 min in the gel shift buffer. After addition of a DNA loading solution, the mixture was directly subjected to PAGE. Fluorescent-labeled DNA in gels was detected using LAS-4000 IR multi-color (Fuji Film, Tokyo, Japan).
DNase I footprinting assay
DNase-I footprinting assays were carried out according to the standard procedure (Shimada et al. 2011) . FITC-labeled probes (0.5 pmol each) were incubated at 25
• C for 30 min with various amounts of XynR in the footprinting buffer. After incubation for 30 min, DNA digestion was performed for 30 s at 25 • C by adding 5 ng of DNase I (Takara, Kusatsu, Japan), and terminated by adding phenol. Digested DNA was analyzed by 6% PAGE containing 7 M urea using the SHIMADZU slab gel electrophoresis system (DSQ-500L) (Shimadzu, Kyoto, Japan).
Reporter assay: LUX reporter
The single-copy lux (luciferase) reporter system was employed for detection of the promoter activity (Blouin et al. 1996) . About 500 bp-long segment of the test promoter was PCR-amplified and inserted into pLUX vector using an In-Fusion HD cloning kit (Clontech, Palo Alto, CA) (Yamanaka et al. 2014) . The plasmid construction was confirmed by DNA sequencing. Transformants carrying each of these plasmids were grown at 37
• C with shaking in the LB medium. The culture was transferred to a microtiter plate (96-well microtiter) for monitoring the Lux activity with an automated plate reader MTP-880 (Corona, Hitachi, Tokyo, Japan).
Northern blot analysis
Total RNAs were extracted from E. coli cells by the hot phenol method. After electrophoresis on 1.5% agarose gel in the presence of formaldehyde, RNA purity was checked by staining with ethidium bromide. Northern blot analysis was performed essentially following the standard procedure (Shimada et al. 2007; . After PAGE, mRNA was transferred to nylon membrane (Roche, Basel, Switzerland), and the membrane was subjected to hybridization with a DIG-labeled probes, which were prepared by PCR amplification using E. coli K-12 W3110 genome DNA (50 ng) as template, DIG-11-dUTP (Roche, Basel, Switzeland) and dNTP as substrates, gene-specific primers and Ex Taq DNA polymerase (Takara, Kusatsu, Japan). For detection the DIG-labeled probe, the membrane was treated with anti-DIG-AP Fab fragments and CDP-Star (Roche, Basel, Switzerland). The image was scanned with LAS-4000 IR multi-color (Fuji Film, Tokyo, Japan).
Western blot analysis
The expression level of XynR was determined by using western blot analysis under the standard conditions that were employed for the detection of all seven sigma factors and 65 species of TFs .
RESULTS
Search for XynR-binding sequences by Genomic SELEX screening: SELEX-chip analysis
For the identification of binding sequences of E. coli TFs on its genome, we developed the Genomic SELEX screening system in vitro (Shimada et al. 2005) . In order to estimate the regulatory targets of CP4-6 prophage-encoded XynR (YagI), we employed this SELEX screening system using the purified XynR and a mixture of 200-300 bp-long genome fragments from E. coli K-12 W3110 as the DNA substrate. After SELEX screening, XynRbound DNA fragments were affinity-isolated using Ni-NTA. The mixture of original genomic DNA fragments formed smeared bands on PAGE, but after 5 cycles of SELEX screening, XynRbound DNA formed sharper bands on PAGE (data not shown), indicating the enrichment of DNA segments with XynR-binding activity. For mapping XynR-binding sites, the affinity-purified DNA fragments were subjected to the DNA tilling analysis (Shimada et al. 2008; . The XynR-associated DNA fragments were labeled with Cy5, while the mixture of original DNA segments was labeled with Cy3. For identification of XynR-binding sites, the fluorescence intensities of both Cy3 and Cy5 attached to each probe on the array were measured, and plotted along the E. coli genome. A single peak of XynR binding was identified within the spacer of bidirectional transcription units of yagA and yagEF operons (Fig. 1A) , indicating that XynR regulates one or both of these operons. Downstream of the yagEF operon, two genes exist, which encode an ABC-family transporter YagG for transport of an as yet unidentified sugar and xylosidase YagH for degradation of xylan (Fig. 1B) (Fig. 1B) , and these two genes likely form an operon. Results of SELEX screening indicated that XynR is a member of the single-target TFs, which are rather rare in E. coli, forming a minor population of less than 10% Ishihama, Shimada and Yamazaki 2016) . By decreasing the cut-off level, approximately 30 low-level peaks were detected (data not shown), which are all located inside open reading frames (ORFs) within the E. coli K-12 genome. Thus, it is unlikely that this binding might influence transcription of specific target genes. Among the total of more than 200 E. coli, TFs so far analyzed by genomic SELEX, some showed binding inside ORFs. The TF-binding inside ORFs may play an as yet unidentified regulatory role(s) because the level of TF-binding sites inside ORFs varies depending on TF species (Shimada et al. 2008; Ishihama 2012; Ishihama, Shimada and Yamazaki 2016) .
Search for XynR-binding sequences by Genomic SELEX screening: SELEX-clos analysis
For identification of the DNA sequences with low-binding affinity to XynR, we then isolated the DNA fragments after one-round SELEX and subjected these to the SELEX-clos screening. Among a total of 100 independent DNA segments, seven different sequences were obtained more than twice (Fig. 2) . The most abundant 36 clones contained the same sequence from the spacer of bidirectional transcription units, yagA and yagEF, of CP4-6 prophage region, which showed the highest peak on the SELEXchip pattern (Fig. 1A) . Both SELEX-chip and SELEX-clos results together indicated that XynR regulates transcription of the yagA and/or yagEF operons. The height of SELEX-chip peak correlates with the number of SELEX-clos screening as noted previously (Shimada et al. 2011; Ishihama, Shimada and Yamazaki 2016) . Except for this most abundant clone, the binding sites of XynR were identified inside ORFs of the E. coli K-12 genome in agreement with the SELEX-chip results.
Both YagF (D-xylonate dehydrogenase) and YagE (2-dehydro-3-deoxy-D-xylonate aldolase) are involved in the catabolism of D-xylonate down to pyruvate and glycolaldehyde, the final step of xylan utilization (Toivari et al. 2012 (Shimada et al. 2005) using purified XynR and a collection of genome fragments from E. coli K-12. After 5 cycles of SELEX, XynR-bound DNA fragments were affinity-purified using Ni-NTA column and subjected to mapping on the E. coli K-12 genome using a tilling array analysis as described in Materials and Methods. The level of XynR-bound DNA on each probe was mapped along the genome. A high-level peak was identified at the spacer between yagA and yagE. genome. Genomic SELEX screening in vitro of XynR-binding sites was performed under the standard conditions (Shimada et al. 2005) . After 1 cycle of SELEX, XynRbound DNA fragments were affinity-purified using Ni-NTA agarose column and subjected to SELEX-clos (cloning-sequencing) analysis. A total of seven clones were isolated more than twice, of which the locations of XynR binding are indicated. For a total of 36 clones, XynR binding was identified within the intergenic spacer region between yagA and yagE. XynR-binding site shown by green box indicates that located within the spacer of bidirectional transcription units, while XynR-binding sites shown under orange background indicate those located inside ORFs.
involvement of XynR in regulation of this yagEF operon. Escherichia coli K-12 lacks the oxidation pathway of D-xylose for production of D-xylonic acid, a sugar acid, but uptakes through YagG transporter and utilizes D-xylonate produced by other microorganisms in environment (for details see Discussion).
XynR-binding in vitro to its binding targets identified by SELEX screenings: gel shift assay
In order to prove the specific binding of XynR to the targets identified by the SELEX screening, we next performed the gel shift assay in vitro for complex formation between purified XynR and DNA probes containing the XynR-binding sequences. For this purpose, a set of XynR-binding targets were selected from SELEX-clos and SELEX-chip screening, and DNA probes containing these XynR-binding sequences are prepared by PCRamplification using pairs of specific primers.
All these specific probes exhibited XynR dose-dependent formation of single complexes (Fig. 3A) . The XynR complex formation was observed at the lowest concentration of XynR for the yagA-yagEF spacer probe (Fig. 3Aa ) in good agreement with the high-level binding affinity of XynR to this region. XynR binding was observed, albeit at low affinity, to most of the binding targets inside ORFs within the host E. coli genome (Fig. 3Ab-3Ag ) but the binding was not observed with a non-specific ycjZ ORF probe (Fig. 3Ah) . The minimum level of XynR needed for complex formation agreed well with the binding affinity of XynR to the respective target sites.
XynR-binding sequence within its targets identified by SELEX screenings: DNA footprinting analysis
For identification of XynR-biding and recognition sequence within its targets, we next performed DNase footprinting analysis. For this purpose, we selected three templates, yagAyagEF spacer with the highest XynR-binding activity, fdhF ORF • C, the reaction was terminated by the addition of 25 μl phenol. Digested products were analyzed by electrophoresis on a 6% polyacrylamide gel containing 7 M urea using the SHI-MADZU slab gel electrophoresis system (DSQ-500L). The protected sequence by XynR on each probe is shown on left-side of each gel pattern. The sequences identical with the proposed XynR box are indicated by red.
sequence with moderate XynR-binding activity and ybhJ ORF sequence with weak XynR-binding activity. To the yagA-yagEF spacer probe, a 36 bp-long segment was protected from DNase treatment (Fig. 4A) , in which a complete palindromic sequence, TGTTCAacattatAGAACA, was identified. Thus, we predicted this TGTTCA(N7)AGAACA as the binding target sequence of XynR, referred to the XynR box. Within XynR-protected 27 bp-long sequence of the fdhF probe, a half of XynR-box sequence was identified ( Fig. 4B) . Within the ybhJ probe with the weak affinity to XynR, a 23 bp-long segment was protected by XynR, including a scattered XynR-box sequence (Fig. 4C) . The conservation level of XynR-box sequence appears to correlate with the affinity for XynR.
Influence of XynR on the activity of the target promoter: reporter assay
To examine possible influence of XynR on both yagA and yagEF promoters, we employed a reporter assay system using the luciferase (Lux) reporter. For this purpose, we constructed the yagA promoter-lux and yagE promoter-lux reporter plasmids and inserted them into both wild-type and xynR-defective E. coli K-12 genomes. The luciferase activity encoded by both yagA-lux and yagE-lux reporter genes in wild-type E. coli K-12 was very low in an exponentially growing phase (Fig. 5A ). This finding implies that the genes for the catabolism of xylonate are almost silent in the exponentially growing phase of wild-type E. coli. In the xynR-defective mutant, however, the LUX activity was significantly higher than the wild-type parent even in the log phase (Fig. 5A) , indicating the repression role of XynR on transcription of these promoters. The yagE promoter-directed Lux activity, however, increased in the stationary phase, implying that the starved condition induces the expression of yagEF operon encoding the catabolic enzymes of xylonate.
Using western blot analysis with anti-XynR antibody, we measured the intracellular level of XynR in wild-type E. coli K-12. The level of XynR was detectable in the exponentially growing phase, but it decreased down to an undetectable level in the stationary phase (Fig. 5D ) in good agreement with repression of the yagEF operon in the growing phase and derepression in the stationary phase. When XynR was expressed in trans in the constructed with the use of the yagA and yagE promoters. Both yagA-and yagE-promoters-lux fusions were inserted into pLUX vector, and transformed into wild-type and xynR-defective E. coli K-12 strains. At both the exponential phase and in the stationary phase, the culture was transferred to a microtiter plate (96-well microtiter) to start monitoring the luciferase activity with an automated plate reader MTP-880 (Corona). (B) Reporter assay under expression in trans of XynR. The yagA and yagE promoter activities in the xynR mutant carrying IPTG-inducible XynR expression plasmid were examined in the stationary phase. (C) Northern blot analysis of xylA, yagA, yagE and xynR mRNAs. Total RNAs were extracted from exponentially growing wild-type and xynR-defective E. coli cells by the hot phenol method, and subjected to northern blot analysis. DIG-labeled probes were prepared by PCR amplification using W3110 genomic DNA (50 ng) as template, DIG-11-dUTP (Roche) and dNTP as substrates, gene-specific forward and reverse primers, and Ex Taq DNA polymerase (Takara, Kusatsu, Japan). Total RNAs (1 μg) were incubated in formaldehyde-MOPS (morpholinepropanesulfonic acid) gel-loading buffer for 10 min at 65
• C for denaturation, subjected to electrophoresis on formaldehyde-containing 1.5% agarose gel, and then transferred to nylon membrane (Roche). Hybridization was performed with DIG easy Hyb system (Roche) at 50
• C over night with a DIG-labeled probe. The membrane was treated with anti-DIG-AP Fab fragments and CDP-Star (Roche), and the image was scanned with LAS-4000 IR multi-color (Fuji Film). (D) Western blot analysis of XynR. Escherichia coli K-12 W110 was grown in LB medium. Cell lysates were prepared and subjected to western blot analysis according to the standard procedure (Ishihama et al. 2016) . Purified YagI (XynR) added were: 1. 2. 5, 10 and 20 ng (lanes Y1 to Y5) while the volumes of cell lysate analyzed were: 2, 5, 10 and 20 ml for both log-phase (L) and stationary-phase (S) samples (lanes X1 to X4).
xynR-defective mutant with the use of IPTG-inducible xynR expression plasmid, the activity of both yagA and yagE promoters decreased to the wild-type level (Fig. 5B) . These findings support the prediction that XynR participates as a repressor for transcription of both yagA and yagEF operons.
Influence of XynR on the activity of the target promoter: northern blot analysis
In order to confirm the regulatory role of XynR in transcription of the set of genes involved in catabolism of xylose and xylonate, we performed northern blot analysis of mRNA. The initial pathway of xylose degradation is catalyzed by the xylA and xylB gene products (Fig. 6 , indicated by blue). Transcription of the xylAB operon is known to be regulated by XylR (Song and Park, 1997) . The xylA promoter was significantly activated in the presence of X-xylose (Fig. 5C ), supporting the activation of XylR by the inducer D-xylose. The level of xylA mRNA was essentially the same in the presence and absence of XynR (Fig. 5C ), indicating that XynR is not involved in the regulation of the xylAB operon. On the other hand, both yagA and yagE promoters were remarkably activated in the absence of XynR (Fig. 5C ), supporting the repressor role of XynR (Fig. 6, indicated by red) . The addition D-xylose, however, did not affect the level of yagA and yagE mRNA irrespective of the presence and absence of XynR. Finally, we also analyzed the level of xynR mRNA (Fig. 5C ). As expected, xynR mRNA was detected, albeit at low levels, only in wild-type E. coli K-12 in agreement with the presence of XynR protein as detected by western blot analysis (Fig. 5D ). The level of xynR mRNA slightly increased after the addition of D-xylose, implying that XylR influence, directly or indirectly, the expression of XynR.
Effect of xylose and xylonate on the binding activity of XynR to its target
The activation of yagA and yagE transcription by XynR was not influenced by xylose (see Fig. 5C ). This finding was confirmed in vitro by gel shift assay of XynR binding to its target, yagAyagE spacer probe (Fig. 3Ba) . The formation of XynR-yagAE probe complex was, however, significantly reduced by the addition of xylonate (Fig. 3Bb) , the starting substrate of xylonate catabolism (Fig. 6) . We then propose the differential regulatory network between XylR and XynR in the catabolism of xylan, an abundant polysaccharide in plants, by E. coli K-12 (Fig. 6) . Moreover, the activity of XylR and XynR is controlled by xylose and xylonate, respectively.
DISCUSSION
Next to cellulose, hemicellulose is the second abundant renewable biopolymer in nature. The polysaccharide xylan, one representative hemicellulose, consists of D-xylose, forming β-1,4-linked xylose backbone. The complete hydrolysis of xylan to its monomeric constituents can be achieved with the use of different kinds of hemicellulases such as xylanase and xylosidase. Microorganisms sharing the common natural habitat with plants carry the degradation system of xylan, but E. coli, as an enteric bacterium staying inside animals as a natural habit, is unable to utilize xylan. Attempts have then been made for engineering E. coli for the direct use of xylan by expressing the hemicellulases from plant-associated microorganisms and secretion of these enzymes outside the cells to be useful (Shin et al. 2010) .
D-Xylose can be transported into E. coli through XylFGH ABCtype high-affinity transporter (Ahlem et al. 1982) or XylE lowaffinity transporter (Davis and Henderson 1987) (Fig. 6) . The only pathway of D-xylose catabolism in wild-type E. coli K-12 is its conversion into D-xylose-5-phosphate by XylA (D-xylose isomerase) and XylB (xylulose kinase), which are then transferred into the pentose phosphate pathway for the production of metabolic energy. Both the xylFGH operon for D-xylose transport and xylAB operon for the catabolism of D-xylose are under the direct control of XylR, and the activity of XylR is controlled by D-xylose (Fig. 6) .
In most microorganisms in nature, D-xylose is also oxidized by the action of D-xylose dehydrogenase for the production of Dxylonic acid, a sugar acid, via D-xylonolactone (Fig. 6) . D-Xylonic acid provides a cheap, non-food derived alternative for gluconic acid, which is widely used in pharmaceuticals and food products. In the presence of D-xylose dehydrogenase, D-xylose is first converted to xylonolactone, which is subsequently hydrolyzed by the action of D-xylonolactonase to yield D-xylonate. However, E. coli lacks the gene encoding D-xylose dehydrogenase (Fig. 6) . For utilization of D-xylose, the genetically modified bacterium E. coli was developed (Nygård et al. 2011; Liu et al. 2012; Toivari et al. 2012; Cao et al. 2013) , in which D-xylonate has been produced by expression of NAD(+)-dependent D-xylose dehydrogenase from other bacteria such as Caulobacter crescentus, leading to generate the pathway of D-xylonate synthesis from D-xylose. In nature, various microorganisms produce Dxylonate through the oxidation of D-xylan (Fig. 6) , and thus wildtype E. coli could utilize D-xylonate in environment as a carbon source. A TRAP (tripartite ATP-dependent periplasmic) transporter, YiaMNO, was once proposed to be an L-xylulose uptake system (Plantinga et al. 2005) but is considered to be involved in transport of 2,3-diketo-L-gulonate (Thomas et al. 2006) . One candidate transporter of D-xylonate is CP4-6 prophage-encoded YagG, a glycoside-pentoside-hexuronide:cation symporter family transporter (Poolman et al. 1996) . The yagG gene might be transcribed together with yagEF, together forming a single yagE-FGH operon (see Fig. 1B ), which is under the control of XynR.
Once D-xylonate is transported into E. coli K-12 cells, it is degraded into pyruvate with the joint action of YagF (D-xylonate dehydratase) and YagE (2-keto-3-deoxygluconate aldolase) (Fig. 6) . The YagFE enzymes are encoded by the genes within the CP4-6 prophage, suggesting that YagFE were transferred in the evolution process of E. coli K-12. Here, we found that the yagEF operon is under the direct control of XynR (renamed YagI), which is also encoded by the CP4-6 prophage (Fig. 6) . As in the case of XylR activation by D-xylose, the activity of XynR appears to be under the control of xylonate as suggested by in vitro gel shift assay (see Fig. 3Bb ). Since a high concentration of xylonate was needed for this inactivation of DNA binding of XynR, further analysis is needed to confirm this prediction.
CONCLUSION
Using the Genomic SELEX screening, the regulatory target of CP4-6 prophage-encoded XynR (renamed YagI) of E. coli K-12 was found to regulate bidirectional transcripts, yagA (B) and yagEF(GH), within the same CP4-6 prophage, both involved in utilization of plant-derived xylan at steps downstream of xylonate. Escherichia coli lacks oxidative degradation pathway of D-xylose to xylonate but uptakes D-xylonate generated by other microorganisms in environment and degrades using YagEF enzymes down to pyruvate for production of metabolic energy.
